Introduction
[2] The vigor of Atlantic Meridional Overturning Circulation (AMOC) is an integral part of Earth's heat redistribution strongly affecting the climate in both Eurasia and North America [Rahmstorf, 2002] . The strength of its overturning varied through the last glacial cycle(s) and current understanding regards highly elevated freshwater inputs to deepwater formation sites of paramount importance for deteriorations of the system [Hemming, 2004] . The North Atlantic region repeatedly experienced extreme ice rafting Heinrich Events (HE) toward the end of Heinrich Stadials (HS) at near-regular intervals during glaciations of the Pleistocene [McManus et al., 1999; Hodell et al., 2008] , although those of the last glacial cycle are clearly the best studied [Hemming, 2004] . During these events large amounts of freshwater were transferred to North Atlantic Deep Water (NADW) formation regions providing a possible trigger for a weakening or a shutdown of AMOC during HEs. Evidence from various paleoceanographic tracers suggest that the AMOC was strongly diminished during these events [Sarnthein et al., 1994; Rahmstorf, 2002; McManus et al., 2004] . Although such freshwater hosing scenarios are commonly seen as the source of major North Atlantic MOC changes [Broecker, 2003] , increasingly appearing evidence hints at the possibility that intense ice rafting during Heinrich stadials may only be the result of preceding water mass changes [Zahn et al., 1997; Moros et al., 2002; Clark et al., 2007; Alvarez-Solas et al., 2010; Gutjahr et al., 2010] .
[3] In this contribution we present new North Atlantic bottom water reconstructions suggesting that ice rafting during HE 2 in HS 2 (26-23 ka) centered at around 25 ka was the result of preceding water mass changes, albeit ice rafting likely reinforced slowdown of the AMOC through additional freshwater contributions to North Atlantic Deep Water formation sites. These results are obtained from Nd isotope compositions extracted from sedimentary Fe-Mn oxyhydroxides that are combined with records of the activity ratio of seawater-derived (unsupported) 231 Pa to 230 Th (Pa/Th hereafter) from identical Ocean Drilling Program (ODP) site 1063 on the Bermuda Rise in the North Atlantic [Lippold et al., 2009] . Furthermore, by setting the Bermuda Rise Pa/Th record in context with an equatorial intermediate water mass record from the Brazil margin [Pahnke et al., 2008] , a mechanism can be proposed that lead to the intensified melting of marine-based continental ice sheets and ice rafted debris (IRD) deposition during HE 2 together with intermediate and deep water mass changes seen in our Pa/Th and Nd isotope records.
Nd Isotopes and Pa/Th as Water Mass Provenance and Circulation Proxies
[4] Neodymium (Nd) isotopes are a sensitive tracer for past water mass mixing in the North Atlantic given the oceanic residence time of Nd on the order of 350-500 years and distinct Nd isotope composition of the major water masses involved [Piepgras and Wasserburg, 1987; von Blanckenburg, 1999; Tachikawa et al., 2003; Lacan and Jeandel, 2005a; Piotrowski et al., 2005; van de Flierdt et al., 2006; Arsouze et al., 2009] . Dissolved Nd is mainly supplied to the oceans via riverine continental input and boundary exchange processes along continental margins [Frank, 2002; Goldstein and Hemming, 2003; Lacan and Jeandel, 2005b] . This supply mechanism makes Nd isotopes an excellent tracer of water mass provenance [Jeandel et al., 2007] . The key difference between the major water masses in the North Atlantic is the observation of significantly less radiogenic (lower) " Nd (representing the   143   Nd/   144 Nd deviation of a sample relative to chondrite uniform reservoir in parts per 10 4 ) seen in NADW compared with deep water of Southern Hemisphere origin (Southern Source Water, SSW). While short-term (millennial-scale) variations in the glacial North Atlantic end-member composition may have occurred due to potentially reduced contributions of Labrador Seawater to NADW during the LGM [Gutjahr et al., 2008] , the laser ablation data on ferromanganese crust BM1969.05 of Foster et al. [2007] make longer term shifts in the North Atlantic end-member composition unlikely. Hence, the longer term glacial NADW " Nd likely remained close to its modern composition [Foster et al., 2007] . The bottom water Nd isotope signature can be extracted from either biogenic [Klevenz et al., 2008; van de Flierdt et al., 2010] or authigenic sedimentary phases [Bayon et al., 2002; Martin and Scher, 2004; Piotrowski et al., 2005; Gutjahr et al., 2007] . In the latter case the Nd isotopic signature is incorporated into fish teeth or authigenic Fe-Mn oxyhydroxides during early burial in the top few centimeters of the sediments [Haley et al., 2004] , thereby preserving a bottom water Nd isotope signature in suitable abyssal oceanic settings. Protactinium-231 and thorium-230, both produced at a constant rate through radioactive decay from their parent isotopes 235 U and 234 U, scavenged onto sinking particles and measured in marine sediments have been increasingly used as a kinematic circulation proxy in the Atlantic Ocean over the past years Thomas et al., 2006; Gherardi et al., 2009] . The basis for the use of this proxy is a net advective export of less particle reactive 231 Pa over
230
Th with water masses from the Atlantic to the Southern Ocean. However, Pa/Th cannot be used as a stand-alone proxy since it is also affected by changes in bioproductivity [Chase et al., 2002; Bradtmiller et al., 2007; Keigwin and Boyle, 2008; Lippold et al., 2009] . The combined use of Nd isotopes, which are not affected by productivity, and Pa/Th from identical sediment core samples allows to obtain information about both the rate of overturning circulation and the water mass provenance.
Glacial and Deglacial North Atlantic Water Mass Reconstructions
[5] Ample evidence from a variety of proxies suggests that the water mass distribution in the glacial North Atlantic was significantly different from the modern situation [LynchStieglitz et al., 2007] . While NADW occupies most of the water column below 1000 m in the western North Atlantic today, the deeper parts below about 2500 to 3000 m were dominated by deep waters advected from the Southern Ocean (SSW) during the Last Glacial Maximum (LGM) [Curry and Oppo, 2005; Lynch-Stieglitz et al., 2007] . Glacial and deglacial SSW had a significantly more radiogenic (higher) Nd isotope signature than NADW resulting in bottom water compositions in the NW Atlantic more than three " Nd units more radiogenic than at present (" Nd of −10 compared with −13.5) [Gutjahr et al., 2008; Roberts et al., 2010] . In the vicinity of the Blake Ridge in the NW Atlantic Nd isotope data documented deeply ventilating NADW only after the termination of the Younger Dryas (∼12.9-11.7 ka) [Gutjahr et al., 2008] , whereas at the Bermuda Rise a brief first deglacial interval of deep NADW ventilation was already found as early as the Bølling-Allerød interstadial (∼14.6-12.9 ka) [Roberts et al., 2010] . Reconstructions of the deep North Atlantic water column structure preceding the LGM are chronologically less well resolved. This is due to (1) scarcity of epibenthic foraminifera used for carbon isotopic bottom water reconstructions in fully glacial deep marine sediments and (2) due to increasing age uncertainties when using radiocarbon-dated planktic foraminifera as a chronostratigraphic marker. Possibly SSW occupied the deep North Atlantic for a significant fraction of the last glacial cycle in a manner not too dissimilar to the LGM situation [Sarnthein et al., 1994; Rahmstorf, 2002] .
Methods

Analytical Approach
[6] Bermuda Rise ODP Leg 172 sediment core from Site 1063 (33°41′N, 57°37′W, water depth 4584 m) in the western North Atlantic was selected for Nd isotopic analyses spanning the interval from 30 to 15 ka. The Fe-Mn oxyhydroxidebound bottom water Nd isotope signal was extracted from the sediments applying a sequential leaching technique [Gutjahr et al., 2007] at the University of Heidelberg and the University of Bristol in three different analytical sessions in 2009. Subsequent separation and purification of Nd from the Fe-Mn oxyhydroxide matrix followed standard procedures [Cohen et al., 1988] and was carried out at the University of Bristol. The total procedural Nd blank was in the range of 13 to 94 pg (n = 3) and hence insignificant. Neodymium isotope analyses were carried out with a Thermo Finnigan Neptune MC-ICPMS at the Bristol Isotope Group of the University of Bristol, UK. Correction of the instrumentinduced mass bias followed Vance and Thirlwall [2002] through adjusting to a Nd deviation of a sample relative to chondrite uniform reservoir in parts per 10,000. The new " Nd data are presented together with and overlap those of Roberts et al. [2010] , which extend from the latest LGM to the present-day and that were obtained by leaching of uncleaned foraminifera instead of bulk sediments. A large number of duplicates were produced in the course of our study and all data points are shown. The average Nd isotope composition for each sampled sedimentary depth including a gray 0.5 " Nd error envelope is also shown for better visibility of the patterns. The horizontal yellow boxes in the Figure 1e indicate modern NADW " Nd as well as deep northwest Atlantic SSW " Nd during the LGM (" Nd = −10.3 ± 0.5) [Gutjahr et al., 2008; Roberts et al., 2010] . (c) Bulk sediment Ti/Ca [Lippold et al., 2009] Duplicate samples displayed in Figures 1 and 2 and Table S1 (in the auxiliary material) were processed and measured separately in three individual sessions in both labs, respectively. 
Chronology of ODP Site 1063
[7] The previous age model of the last 40 kyr for ODP Site 1063 was established by correlation of the CaCO 3 content of the sediment with the CaCO 3 content of the nearby core GPC5 [Keigwin and Jones, 1994; Lippold et al., 2009 ]. The age model of core GPC5 in turn is based on 32 mixed planktonic foraminiferal 14 C dates. The 14 C ages were corrected for their reservoir age, which was assumed to be constant at 400 years and calibrated with data of Fairbanks et al. [2005] . Comparison to the calibration with INTCAL09 did not yield significant differences [Reimer et al., 2009] .
[8] Further, an alternative high-resolution age model for ODP Site 1063 has been developed. This is based on the observation of an extremely strong signature of Dansgaard/ Oeschger (D/O) cycles in sediment properties, chiefly CaCO 3 content, in the sediments, recorded due to the high sedimentation rate of this core of more than 25 cm/kyr during the studied time interval [see also in Lippold et al., 2009, Figures 3 and 4a] . Lippold et al. [2009] have developed a new age model for ODP Site 1063, based on tuning of the carbonate content with the NGRIP ice core (GICC05 time scale [Svensson et al., 2006] ). This enabled these authors to identify tie points over the whole depth of the core (on average each ∼2300 years one tie point). As a result, a second age model could be established between ∼12 to 40 ka, which is in very good agreement to the first approach. Thus, the age model of ODP Site 1063 for this time period can be considered to be very robust.
[ 
Results and Discussion
[10] In order to demonstrate the reproducibility of the Bermuda Rise record all individual Nd isotope results are shown in Figures 1 and 2 , alongside with the corresponding average " Nd per sampled depth (see also Table S1 ). Over the past 30 kyr the bottom water Nd isotope signature, as recorded in Bermuda Rise Fe-Mn oxyhydroxides, underwent significant variability (Figure 1) . The deglacial interval, in which our sediment-derived Fe-Mn oxyhydroxide Nd isotope record overlaps with the record of Roberts et al. [2010] , shows excellent agreement confirming the reliability of the two slightly different approaches used. While " Nd are quite radiogenic (more positive) and less variable between 23 and 15 ka, several short-term changes can be observed during HS 2. The largest shift in our record on the order of three " Nd is seen at ∼27 ka (Figures 1 and 2) .
[11] In terms of water masses, the Nd isotope data of ODP Site 1063 recorded the presence of glacial SSW in the deep North Atlantic during HS 1, the early deglaciation and the LGM (Figure 1e ). Heinrich stadial 1 and a brief interval immediately preceding HS 2 (at ∼26 ka) recorded the purest (most radiogenic) SSW compositions. Strikingly, however, our record also shows brief intervals of unradiogenic " Nd typical for deeply ventilating late Holocene NADW (Figures 1  and 2) , which preceded the LGM and HS 2. Both the water mass variability and the presence of NADW in 4 km water depth during Marine Isotope Stage (MIS) 2 have not been reported to date and deserve particular attention. 
Deep NADW Ventilation Preceding Heinrich Stadial 2
[12] The presence of deeply ventilating NADW during the early stage of MIS 2 is surprising given the glacial boundary conditions, which should have led to the formation of a shallower overturning circulation cell [Sarnthein et al., 1994; Rahmstorf, 2002] . Based on sedimentary pore fluid reconstructions, Adkins et al. [2002] suggested that near-freezing salty deep waters that advected from the Southern Ocean replaced the cold but fresher NADW in the abyssal North Atlantic during the LGM. Yet it remains unresolved whether hydrographic conditions were similar for the time period preceding HS 2 during early MIS 2. Replacement of northern sourced deep water by SSW is not only indicated by the Nd isotope record (Figure 2e ) but also by high-resolution elemental records obtained from sediments of ODP Site 1063 (Figure 2c ). These reveal concomitant changes in the bulk sedimentary titanium to calcium ratio (Ti/Ca) alongside with the Pa/Th and Nd isotopic changes. In glacial abyssal marine settings variations in bulk sedimentary Ti/Ca can be driven by either variable relative terrigenous material delivery or alternatively partial dissolution of previously deposited carbonate. Since the variations seen at ODP Site 1063 are decoupled from changes in sedimentation rates [Lippold et al., 2009 ] the changing Ti/Ca at ODP Site 1063 can be attributed to inflow of more corrosive SSW leading to a temporary rise of the North Atlantic lysocline. Our observation of deeply ventilating NADW in the subtropical Northwest Atlantic early during MIS 2 and preceding HS 2 contrasts with common understanding of glacial AMOC [Sarnthein et al., 1994; Rahmstorf, 2002] and calls for modeling and comparative proxy data investigations.
Implications of Coupled Pa/Th and ɛ Nd Changes Preceding HE 2
[13] The changes observed in our Nd isotope record covaried tightly with changes in Pa/Th surrounding HE 2 (Figure 2) . Whereas only the end of the Pa/Th excursion surrounding HE 1 is resolved in the Nd isotope record, both the initiation and the end of the water mass changes preceding HE 2 were clearly recorded with both proxies. A key observation is that the water mass reorganization clearly predated Northwest European Ice Sheets (NWEIS)-derived Ice Rafted Debris (IRD) deposition during HE 2 by approximately 2 kyr. Since major ice rafting during HE 2 first initiated from the NWEIS and was only followed by Laurentide ice sheet-derived IRD deposition [Scourse et al., 2000; Hemming, 2004; Peck et al., 2006; Scourse et al., 2009] we compare our record to a NWEIS-derived IRD record (Figures 1 and 2) . The difference in timing between changes in water mass properties (Figures 2c-2e ) and NWEIS-derived IRD deposition (Figure 2b) suggests that processes other than intensified iceberg discharge from the Laurentide or NW European ice sheets caused the changes in water mass composition and probably also in the strength of overturning circulation.
[14] Nevertheless, elevated freshwater input through enhanced iceberg calving into key areas of North Atlantic Deep Water formation is the prime candidate capable of triggering major water mass reorganizations [Hemming, 2004; Peck et al., 2006] . The northwest European ice sheets were close to their maximum volume [Scourse et al., 2009; Lambeck et al., 2010] and likely large enough early during MIS 2 to offset the stability of Atlantic MOC through highly elevated iceberg discharge that was recorded in the Northeast Atlantic during this time [Peck et al., 2006; Scourse et al., 2009 ]. Yet whether significant freshwater addition through excessive iceberg calving to the subpolar North Atlantic led to the observed changes in deep water circulation is questionable. As evidenced by the remote Greenland ice core climate records, water mass reorganization surrounding HE 2 occurred during apparently stable glacial atmospheric conditions (Figures 1 and 2) [Grootes et al., 1993; North Greenland Ice Core Project Members, 2004] . Despite this apparent climatic stability, northeast Atlantic IRD records invoke significantly enhanced iceberg calving rates from the NWEIS during the time of our Nd isotope and Pa/Th excursion [Scourse et al., 2009] . Importantly, however, these sedimentary IRD maxima lag the deep North Atlantic water mass change as documented by Pa/Th, " Nd and Ti/Ca, even if we assign a conservative error estimate on the order of 1 kyr. Therefore, if the influx of SSW into the deep North Atlantic was related to the HE 2 ice rafting event, then it should only be related to the cause but not be the consequence of catastrophic ice sheet disintegration. This conclusion depends on the reliability of absolute chronologies of the two cores presented here and requires confirmation through future studies. Conversely, we want to mention in this context that a similar lead-lag relationship was observed for water mass changes with increasing presence of SSW along the deeper Blake Ridge preceding HE 4 . The phasing between elevated IRD deposition and SSW incursion in our data profiles is different for HE 1 and the YD (Figure 1 ). Heinrich event 1 followed shortly after the LGM during the early deglaciation while Northern Hemisphere summer insolation already increased [Alley and Clark, 1999] . The YD took place during the late deglaciation and likely involved a rerouting of meltwater flow from a Mississippi runoff route to the NW Atlantic [e.g., Kennett and Shackleton, 1975; Licciardi et al., 1999; Clark et al., 2001; Carlson, 2008; Kurzweil et al., 2010] or the Arctic [Tarasov and Peltier, 2005] . Hence the climatic boundary conditions and freshwater perturbation scenarios were different for HE 1 and the YD from those extant during HE 2.
Evidence for Intermediate North Atlantic Water Mass Changes at 27 ka
[15] Pa/Th close to the production ratio do not necessarily reflect circulation changes [Chase et al., 2002; Bradtmiller et al., 2007; Keigwin and Boyle, 2008] but would also be consistent with the presence of silicate-rich surface and intermediate waters early during HS 2 and HS 1 leading to elevated opal productivity and associated preferential Pa scavenging. This is evidenced by high diatom abundances at ODP Site 1063 [Lippold et al., 2009] and at the nearby core OCE326-GGC6 from the Bermuda Rise [Gil et al., 2009] . The Bermuda Rise Nd isotope record can only resolve the origin of deep waters and additional information is required to also resolve water mass changes in the shallow and intermediate glacial North Atlantic during the Pa/Th excursions observed for HE 2. Modified Antarctic Intermediate Water (AAIW) advected from the Southern Ocean is the most likely water mass to provide additional nutrients to near-surface waters. Both Robinson et al. [2005] , as well as very recently Thornalley et al. [2011] also presented evidence for temporary AAIW water presence in the deglacial North Atlantic coincident with HS 1 based on very old intermediate water radiocarbon ventilation ages.
[16] Increased northward flow of AAIW has indeed been observed in Tobago Basin core MD99-2198 (1330 m water depth) in the subtropical North Atlantic during both Heinrich stadials [Pahnke et al., 2008] . Comparing this equatorial West Atlantic intermediate water Nd isotope record to Bermuda Rise Pa/Th reveals a tentative lead-lag relationship during HE 2 with the Tobago Basin water mass changes marginally leading the Bermuda Rise records (Figure 3) . The inflow of SSW in the deep North Atlantic recorded in the Bermuda Rise Nd isotope record was therefore more or less coincidental with increased AAIW and Southern Component Water advection to the North Atlantic at intermediate depths.
The invasion of both water masses preceded HE 2 IRD deposition (Figures 2 and 3) . If intensified presence of low latitude surface and intermediate waters during HE 2 in turn supplied more heat to the subsurface high-latitude North Atlantic this would have had an amplifying effect in the initiation of Heinrich IRD events by subsurface melting from underneath marine-based continental ice shelves [cf. Clark et al., 2007] . Basal melting of marine-based continental ice is a currently very active process observed along both the West Antarctic Continental Margin [Payne et al., 2004; Shepherd et al., 2004] and Greenland [Rignot et al., 2010] . If low-latitude derived intermediate or near-surface waters supplied additional heat to the high latitude glacial North Atlantic, this could have had a similar effect on marine based ice sheets during Heinrich stadials. Should this turn out to be correct, then the origin for these major hydrographic reorganizations and the massive disintegration of marine-based continental ice sheets during HEs, however, would consequently have to be identified in the Southern Ocean and not the North Atlantic [e.g., Brathauer and Abelmann, 1999] . [Gutjahr et al., 2008; Roberts et al., 2010] . Left vertical gray box defines the modern Pa/Th as measured at 0.48 kyr in core OCE326/GGC5 , and vertical dashed line highlights the production ratio. Post-Younger Dryas Pa/Th and " Nd are from cores OCE326/GGC5 and GGC6 [Roberts et al., 2010] and deviate by less than 210 years (n = 5).
ventilation and active overturning, whereas the LGM witnessed active but shallower overturning. The scatter in the data seen surrounding HE 2 (Figure 4 ) highlights the switches between the presence of NADW and SSW, accompanied either by attenuation of the AMOC or only preferential Pa scavenging by opal.
3.5. Lower NADW Versus SSW Competition During and Preceding HS 2
[18] The ODP Site 1063 Nd isotope record suggests a transition into a fully glacial mode of ocean stratification at the onset of the LGM lasting until the end of HS 1 with the deep North Atlantic being continuously situated within SSW (Figures 1 and 4) . During HS 2 the situation is not as clear. After the major shift in " Nd toward SSW compositions seen between 27 to 26 ka, two smaller excursions to less radiogenic compositions are observed during HE 2 that follow trends in the Pa/Th record (Figure 2) . We therefore speculate that the relative water mass densities between deep northern and southern sourced waters were likely very similar during HE 2 leading to the observed pattern [cf. Adkins et al., 2002] .
[19] Finally, the transition into MIS 2 seen in the " Nd record between 30 to 27 ka holds additional water mass information. Almost modern LNADW " Nd were recorded at ∼29 ka and immediately preceding 27 ka (Figure 2e ). Before and in between these excursions " Nd tend to more SSWlike compositions. This variability is not reflected in the Pa/Th record (Figure 2d ). While the second excursion to unradiogenic " Nd corresponds to Greenland Interstadial 3 (Figure 2a ), this is not the case for the earlier excursion at ∼29 ka. We cannot uniquely identify the control over these apparently short-term water mass changes but attribute these to the climatic and hydrographic variability that characterizes MIS 3 and most of the last glacial cycle [McManus et al., 1999] . If these late MIS 3 changes in abyssal water mass presence indeed respond to D/O cycles, this pattern would then follow a Northern Hemisphere climate signal.
Conclusions
[20] The combined Bermuda Rise Pa/Th and Nd isotope data sets from ODP Site 1063 record the transition of North Atlantic MOC into a Heinrich stadial and subsequent LGM mode of ocean stratification that lasted until the termination of HS 1. The Nd isotope record suggests the presence of Lower NADW during late MIS 3 and early MIS 2 below 4 km water depth, being replaced by SSW at ∼27 ka approximately 2 kyr before the onset of elevated ice rafting during HE 2. Both the ODP Site 1063 Pa/Th as well as the Nd isotope composition changes significantly preceding HE 2. Given the coincidence between the Bermuda Rise Pa/Th changes and the Brazil margin intermediate water mass changes presented earlier [Pahnke et al., 2008] over this time interval this suggests that not only the deep but also the intermediate North Atlantic witnessed this major water mass change during HE 2. Intensified inflow of modified Antarctic Intermediate Water could in turn provide additional heat required to initiate accelerated basal melting of marine-based continental ice sheets. Our record does not provide information on the connectivity between SSW inflow into the abyssal North Atlantic and apparently increased supply of modified AAIW in intermediate depth.
[21] If highly elevated ice rafting during Heinrich events indeed only were the result and not the cause of major North Atlantic water column reorganizations, as indicated by our data for HE 2, this may require a revision of paleoceanographic models that commonly utilize freshwater hosing into the North Atlantic as the sole trigger inducing collapses of the AMOC. Freshwater input will have a reinforcing effect in slowing down the AMOC, yet controlling factors of the circulation changes may have to be identified elsewhere, most likely in hydrographic and paleoclimatic warming trends in the Southern Ocean. In order to test this hypothesis more fine-scale records with highly accurate chronologies are required within the North Atlantic IRD belt and from the Southern Ocean.
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